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Abstract

Nowadays, the use of algae is prevalent for both industrial and agricultural purposes. The determination of chlorophyll
(Chl) content is a commonly used method for estimating the phytoplankton abundance in different water bodies or biomass
density of algal cultures. The aim of the present work is to optimise the efficiency of the Chl extraction from the green alga
Tetradesmus obliquus using methanol as extracting solvent. The extraction efficiency was estimated by measuring the Chl
a concentration of the extracts using fluorescence spectroscopy. To increase the extraction yield, glass fibre filters with
algal cells on top were treated with 10% (v/v) formalin prior to the extraction. We found that this pretreatment significantly
enhanced the extraction yield of Chl without its chemical decomposition. We also found that the optimal cell concentra-
tion for Chl determination ranged from 1.44 x 10* to 3.60x 10° cells/mL and the extraction efficiency was lower when the
cell density of the culture was out of this range. These results highlight the importance of the optimization of the pigment

extraction for the studied algal species.
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Introduction

Algal biomass has been used for various agricultural
purposes, such as food source, fodder, soil fertiliser, and
biostimulant (Kotrbacek et al. 2015; Piwowar and Harasym
2020; Trentacoste et al. 2015; Trifan and Bularda 2015).
Besides, algae have also great potential in future biofuel
production (Brennan and Owerde 2010; Khan et al. 2018;
Nagy et al. 2018; Selvarajan et al. 2015) as well as in diverse
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pharmaceutical and cosmetic industry applications (e.g.
Gateau et al. 2017; Heydarizadeh et al. 2013; Mimouni et al.
2012). Remarkably, algae can provide pigments, vitamins,
fatty acids, and proteins for human use (Michalak and Cho-
jnacka 2015; Priyadarshani and Rath 2012). Green algae,
for example, members of the genus Scenedesmus, are also
widely studied for potential use in water management (Li
and Chi 2021, Mulbry et al. 2005, Sanchez-Zurano et al.
2021, Tam and Wong 1989, Yuan et al. 2023).

For estimating the phytoplankton abundance in different
water bodies or for determining the biomass density of algal
monocultures, chlorophyll (Chl) concentration is a com-
monly used indicator. Very often, instead of determining
total Chl content (sum of Chl a, Chl » and/or Chl ¢), only the
concentration of Chl a is quantified (Gregor and Marséalek
2004). The rationale behind, that Chl a is the primary pho-
tosynthetic pigment in all oxygenic photoautotrophs, whilst
the accessory pigments Chl b and ¢ are present only in cer-
tain taxonomic groups (see e.g. Wetzel 2001). Hence, Chl
a concentration is useful to characterise phytoplankton bio-
mass, especially with unknown taxonomic composition.

There are various methods to extract Chl (and other
extractable pigments, such as carotenoids) from algae
and other photoautotrophic organisms. In case of algae,
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differences in the architecture, composition, and permeabil-
ity of the cell wall (Pepe et al. 2001) as well as the applied
solvent largely determine the efficiency of the applied pro-
tocol (Henriques et al. 2007). In order to enhance the yield
of pigment extraction, various types of cell disruption meth-
ods are commonly used (Jeffrey et al. 1997; Schagerl and
Kiinzl 2007; Wiltshire et al. 2000). The determination of
the pigment content of some green algae, such as Scened-
esmus armatus (currently known as Desmodesmus arma-
tus), Ankistrodesmus spiralis, or Coelastrum microporum
culture, for example, clearly showed the importance of cell
disruption and proper selection of the extraction solvent.
In these strains, homogenisation provided a twofold higher
Chl extraction yield compared to the non-homogenised
samples. Amongst the applied methods, the dispersion was
more efficient compared to sonication and 90% acetone
was proven to be the most effective solvent (Schagerl and
Kiinzl 2007). The combination of sonication and dispersion
did not improve the extraction efficiency any further. How-
ever, in the case of Scenedesmus quadricauda, Selenastrum
capricornutum and the cyanobacterium Microcystis aer-
uginosa, both methanol and ethanol extraction were proven
to be more efficient than acetone alone or in combination
with dimethyl sulfoxide (DMSO) (Sartory and Grobbelaar
1984). Amongst the two alcoholic solvents, in the majority
of water management laboratories, 90% ethanol is used as
the accredited solvent (ISO 10260, 1992). Yet, comparative
studies revealed that in case of Nannochloropsis gaditana
(=Microchloropsis gaditana)) (Lichtenthaler and Wellburn
1983), Synechococcus elongatus, and Scenedesmus acutus
(=Tetradesmus obliquus) (Papista et al. 2002) methanol pro-
vides a significantly more complete extraction compared to
ethanol. Nonetheless, Hagerthey and coworkers (Hagerthey
et al. 2006) found cold methanol to be a poor solvent for
Chl extraction from green algae, cyanobacteria, and dia-
toms, even after grinding. They obtained the highest extrac-
tion yield using freeze-dried samples extracted with the
methanol/acetone/N,N-dimethylformamide (DMF) solvent
(Hagerthey et al. 2006).

In the study of Schumann and coworkers (Schumann et al.
2005), different preservation methods, storage times and sol-
vents were compared in terms of Chl extraction efficiency.
They found that Chl a extraction efficiency is strongly
species-specific and also depends on growth conditions. To
achieve maximum Chl a extraction yield from algal sam-
ples of unknown composition, they suggest implementing
2-3 subsequent 24-h extraction runs using DMF as extrac-
tion solvent. Their results also showed that mechanical cell
disruption techniques could lead to pigment degradation,
in accordance with the results of Henriques and cowork-
ers (Henriques et al. 2007). As long-term storage of frozen
or lyophilised samples may also cause pigment loss, some
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protocols recommend immediate Chl extraction from fresh
algae (Jeffrey et al. 1997).

Due to its high oil content and relatively simple culti-
vation, Tetradesmus obliquus is identified as a promising
microorganism with various potential biotechnological
applications, including biofuel production (Kim et al. 2019).
However, it has only been poorly studied so far. In this study,
we systematically investigated i) the effect of formalin pre-
treatment, ii) the number of extraction steps, and iii) cell
density on the Chl extraction efficiency from the green alga
T. obliquus. The main objective of these trials was to opti-
mise the yield of chlorophyll extraction from this microor-
ganism. We assumed that both formalin pretreatment and
repeated extractions should enhance chlorophyll yield, and
also that the cell density (i.e. accessibility of the extrac-
tion solvent) should also influence that. Our results empha-
sise the importance of such characterization for choosing
a suitable method for pigment extraction and Chl content
determination.

Materials and methods
Alga strain identification and culture conditions

The studied Scenedesmus sp. BEA DO1_12 strain was
isolated in May 1995 from Lake Balaton (Hungary,
46°45'39.5"N 17°15"29.8"E), the largest lake in Central
Europe (Kutasi et al. 2013). The strain was purified and cul-
tured on agar plates.

In order to determine the species level, we performed
a DNA-based identification. Total genomic DNA was
extracted using a DNeasy Plant Mini kit (Qiagen, Hilden,
Germany). PCR amplification and sequencing of the 18S
ribosomal RNA (rRNA) gene and the ribosomal ITS region
(containing ITS-1, the 5.8S rRNA gene, ITS-2 and a
short region from the 28S rRNA gene) were conducted as
described in detail by Somogyi et al. (Somogyi et al. 2013),
with the exception that the amplification of the ITS region
was performed according to Liu et al. (Liu et al. 2014). The
obtained sequences were deposited in the GenBank database
under the accession codes MW065553 (18S rRNA gene)
and MWO065554 (ITS). Taxonomic identification was per-
formed using the NCBI BLAST/n tool (Altschul et al. 1990),
considering only taxonomically accepted species names in
the AlgaeBase (Guiry and Guiry 2020). Comparison of the
nucleotide sequences of the rRNA gene and the ribosomal
ITS region showed 100% pairwise similarities between
BEA DO1_12 and various strains of Tetradesmus obliquus
(Turpin) M. J. Wynne (formerly also known as Scenedesmus
obliquus and Acutodesmus obliquus; (Wynne and Hallan
2016)), including the authentic strain of this species, SAG
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276-1. Thus, we identified the studied strain as Tetradesmus
obliquus.

Liquid cultures were grown in a modified PHM-1
medium (Table 1) at 24 °C under 16:8 h light—dark
cycles. The applied photosynthetic photon flux density
(PPFD) was 180 umol photons m~2 s~!, provided by Tung-
sram FT8/36W/840/GE/LL/SL1/25 fluorescent tubes. The
cultivation flasks were shaken at 150 rpm. The sampling for
each experiment was started at 9 am from 7-day-old cultures.

Cell counting
Algal cell counting was performed using a Sceptre™ 2.0

cell counter (Merck) equipped with a 40 um aperture sensor.
Prior to counting, 100 pL algal culture was diluted with 1400

Table 1 The composition of the PHM-1 culture medium (Borowitzka
and Borowitzka 1988) with modifications

KNO; 10g

MgSO,x7H,0 02¢g

K,HPO, 02¢g

Sodium acetate 0.1lg

Saturated CaSO, solution 20 mL

Micronutrient solution 10 mL

Iron solution 10 mL

Distilled water 960 mL

Micronutrient solution

Modified Original

H;BO; mg H;BO; 61 mg
(NHy)¢Mo,0,,x4H,0 38 mg Na,MoO, x2H,0 38 mg
CuSO,x 5H,0 6 mg CuSO, x5H,0 6 mg
Co(NO3), x 6H,0 6 mg Co(NO3), x 6H,0 6 mg
ZnSO,x4H,0 2 mg ZnSO,x4H,0 2 mg
MnCl, x4H,0 4 mg MnCl, x4H,0 4 mg

Distilled water 1000 mL

Iron solution

Modified

Fe(III)NaEDTA x 3H,0 384 mg

Distilled water 1000 mL

Original
FeCl; x 6H,0 244 mg
Na,EDTA 189 mg

Distilled water 1000 mL Distilled water 1000 mL

Fig. 1 Glass fibre filters during
the first extraction procedure;
"1—Dbefore extraction; "2"—
after formalin pretreatment and
methanolic extraction; "3—after
methanolic extraction (without
formalin treatment)

puL of 10 mM phosphate buffer (pH 7.4) and was sonicated
in an ultrasound bath (Bandelin Sonorex Super 10P, Berlin,
Germany) at 35 kHz for 10 min.

Pigment extraction

From an initial culture with a cell concentration of about
9.0 10° cells/mL, we prepared four pairs of a fivefold
dilution series, with final cell concentrations of 2.88 X 103,
1.44x10% 7.20x 10*, and 3.60 x 10° cells/mL, respectively.
Then 10 mL of the samples were filtered through glass fibre
filters (GF/C, d =47 mm, Whatman) using a water jet pump.
Notably, no cell disruption was applied; instead, we used
intact cells. The filtration was done using a glass filter funnel
(11P02). One sample of each pair with different cell con-
centrations (count/mL) and algal biomass on the fibre filters
was soaked in 10% formalin (v/v) for 2 min. After drying to
constant mass, all alga-containing filters were immersed in
10 mL of boiling methanol for 5 min. The pigment extracts
were cooled to room temperature and decanted into new
test tubes, and their fluorescence emission spectra were
recorded. Since the fibre filters remained green after a sin-
gle extraction (Fig. 1), the pigment extraction with boiling
methanol was repeated three more times.

Fluorescence emission spectroscopy

The Chl concentration of phytoplankton samples is conven-
tionally determined spectrophotometrically. However, in this
work, all but the first extraction steps result in methanolic
solutions with considerably low Chl content, which cannot
be precisely determined using that approach. Instead, to
determine Chl a concentration in these highly diluted pig-
ment extracts, we applied the more sensitive fluorescence
spectroscopy method to obtain a good signal-to—noise ratio
even at very low concentrations. We recorded fluorescence
emission spectra from 580 to 780 nm with 0.5 nm increments
using a Jobin—Yvon Horiba FluoroMax-3 spectrofluorometer
(Paris, France). The excitation and emission slits were set to
2 nm and 5 nm, respectively. For Chl a, Chl b, and pheophy-
tin excitation, we used 430 nm, 470 nm, and 410 nm exci-
tation wavelengths, respectively. Three consecutive spectra
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were recorded and averaged in each measurement. The spec-
tra were then corrected for the wavelength-dependent sensi-
tivity change of the fluorometer detector. Five-point linear
smoothing and baseline corrections were applied. The spec-
tra were exported and analysed using the SPSERV V3.41
software (Copyright: Csaba Bagyinka, Szeged Biological
Research Centre, Szeged, Hungary).

Concentration determination

For the determination of Chl a concentration in methanolic
extracts with different pigment concentrations, the intensity
of the 673 nm fluorescence emission peak, the fluorescence
emission maximum of Chl a in methanol (Materova et al.
2017), was compared to a calibration curve, which was gen-
erated using a dilution series of samples with known Chl a
concentrations. The concentration of the initial, the most
concentrated sample was determined spectrophotometrically
using a Perkin Elmer Lambda 25 UV/VIS spectrophotometer
(Norwalk, CT, USA) according to Porra et al. (Porra et al.
1989). The Chl a contents obtained after the four repeated
extractions were summed in order to determine the total Chl
a concentrations.

Statistical analysis

The Chl a concentrations obtained either via the first
extraction or via four consecutive extractions (see Section
“Concentration determination”), were compared between
pretreated and untreated samples at four different levels of
sequential fivefold dilutions (cell concentrations). For opti-
mal scaling, the power-law relationship between Chl a con-
centrations and cell concentrations were first transformed
into a linear by logarithmic transformation of the variables.
Natural and base 5 logarithm of the Chl a concentrations and
cell concentrations were taken, respectively. Linear mixed
models were fitted to these log-transformed values with Chl
a concentration (obtained either by a single or four repeated
extractions) as a response variable, and cell concentration
and treatment as well as their interaction as fixed effects. By
including the interaction term, we investigated whether the
predicted effect of formalin pretreatment is influenced by
the cell concentration of the sample. To account for correla-
tion between values obtained using samples originating from
the same (batch) culture, the culture number was added as
a random effect, i.e. adding a random term to the intercept.

An appropriate variance structure (weighted variance
according to the magnitude of cell concentration) was
applied. Goodness-of-fit and homoscedasticity were checked
with diagnostic plots. Model selection was performed by
removing the interaction term if it was not significant. For
interpretation, values were transformed back to the origi-
nal scale. Transformed model coefficients inform about the
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fold-change in the outcome variable in association with the
studied parameter. The model was thus used to estimate the
fold change in the outcome variable (Chl a concentration
obtained either by a single or four repeated extractions) in
association with treatment (control vs. formalin) across dif-
ferent cell concentrations. The results are given as point and
interval estimates [confidence interval (CI)]. The level of
significance was set at p <0.05. All statistical analysis and
visualisation were performed in the R statistical environment
(version 3.6.3.) using base, ggplot2, patchwork, Rcmdrmisc,
nlme, and emmeans packages (R Core Team, 2019).

Results
Investigation of formalin treatment

The effect of formalin pretreatment was tested using flu-
orescence spectroscopy to see if it causes any Chl degra-
dation. Fluorescence emission spectra upon preferential
excitation of Chl a, pheophytin, and Chl b at 430, 410 and
470 nm, respectively, were recorded using control and
formalin-treated samples. The corresponding spectra were
essentially the same in both cases; however, formalin treat-
ment resulted in higher fluorescence intensity (Fig. 2). The
spectra recorded upon 430 nm (Chl a) excitation showed a
maximum at 673 nm and a broad shoulder at around 730 nm
in accordance with literature data (Fig. 2, spectra 1 and
2; Balny et al. 1969). The spectra recorded upon 410 nm

2.5

= = o
o (&)1 o

Fluor.emission (cps)*107

o
o

650 700 750
Wavelength (nm)

Fig.2 Fluorescence emission spectra of methanolic extracts of Ter-
radesmus obliquus. Solid and dashed lines represent extracts obtained
without and with formalin pretreatment, respectively. Excitation
wavelengths: 430 nm (spectra 1 and 2), 410 nm (spectra 3 and 4), and
470 nm (spectra 5 and 6)
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(pheophytin) excitation were similar to those recorded upon
430 nm excitation (Fig. 2, spectra 3 and 4), suggesting the
absence or very low amount of pheophytin in the samples.
At 470 nm (Chl b) excitation, in agreement with the shorter
wavelength of the corresponding Q, band, the emission
maximum also appeared at a shorter wavelength (at 668 nm)
with a broad shoulder around 720 nm. Here, the fluorescence
intensities were much weaker (Fig. 2, spectra 5 and 6), in
agreement with the low Chl b level in the samples and the
low fluorescence yield of Chl b in methanol (Forster and
Livingston 1952).

The high similarity in pigment composition of the con-
trol and formalin-treated samples was well supported by
comparing the 4th derivatives (Fig. 3) of the corresponding
fluorescence emission spectra obtained either upon 410 or
430 nm excitation (spectra 1, 2 3, and 4 in Fig. 2a). In these
derivative spectra (Fig. 3), not only the shapes and positions
of the central derivation bands but also those of the four
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Fig.3 4th derivatives of the fluorescence emission spectra measured
upon 430 and 410 nm excitation. Solid lines: spectra of non-treated
(control) samples, dashed lines formalin treated samples. For clarity,
the spectra of the treated samples are shifted from those of control
ones with 0.2 units upwards, and the spectra measured with 410 nm
are shifted with 6.0 units upwards along the y-axis

derivation sidebands were almost identical in the control and
formalin-treated samples (Fig. 3), which, in turn, indicates
very high similarity between the pigment contents of these
two types of samples.

Chl a concentrations obtained by the first extraction

Although the pretreatment of the fibre filters with forma-
lin did not result in any detectable Chl a degradation (see
above), it remarkably enhanced the yield of its extraction,
regardless of the applied cell concentration over a broad
range, i.e. from 2.88 x 107 to 3.60 x 10> cells/mL (Table 2,
Fig. 4A). The concentration of extracted Chl a increased
proportionally in both cases with increasing cell densities.
As expected, one unit increase in the logarithmic (logs) cell
concentration entailed a mean fivefold increase in Chl a con-
centrations (95% CI: 3.9-6.0; p <0.0001). Extracts of forma-
lin-pretreated samples contained significantly, about 2.2-fold
higher Chl a concentrations at all applied culture densities,
compared to the control extracted only with hot methanol
(95% CI: 1.35-3.60, p=0.0007) (Table 2, Fig. 4A). Model
fitting showed the interaction between treatment and cell
concentration not to be significant (p =0.8053), which
means the effect of formalin pretreatment did not depend
on the cell density of the applied culture.

Chl a concentrations obtained by repeated
extractions

Repeated extractions with hot methanol increased the yield
of Chl a extraction from both the control and formalin pre-
treated samples, yet, with different efficiency (compare
Figs. 3A and B, see also Table 2). Four consecutive metha-
nolic extractions without formalin pretreatment resulted in
a 70-100% increase in the level of extracted Chl ¢, as com-
pared to a single extraction. However, repeated extractions of
formalin pretreated samples resulted in a much smaller, only
around 10-40% relative increase in the overall extraction
yield, suggesting a more complete pigment extraction after
a single extraction, which cannot be considerably improved

Table 2 Model estimates of Chl Cell concentration

Chl a concentrations in a single extraction

Chl a concentrations in a total of four

a concentrati.ons in' T. obliquus (cells/mL) (pg/mL)* extractions (pg/mL)*

cultures obtained either by

single or four consecutive Control Formalin treated Control Formalin treated

methanolic extractions without

or with formalin pretreatment at 2.88 % 103 0.022+0.01 0.05b +0.03 0.06+0.02 0.08+0.04

different cell concentrations 1.44x10* 0.13*+0.07 0.29°+0.15 0.26 +0.09 0.36+0.15
7.20x10* 0.65*+0.35 1.41°+0.78 1.18+0.48 1.65+0.64
3.60x 10° 322°+1.75 6.99°+3.89 5.44+2.85 7.59+3.54

*Least square means (boldface numbers) and standard errors (n=4) are shown. Different superscripts b
indicate significant differences between groups (p <0.05). Statistical tests were performed on the log-trans-

formed data
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Fig.4 Chl a concentration of T. A B
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with consecutive extractions (Table 2, Fig. 3B). This was
also supported by statistical analysis which revealed a non-
significant effect of formalin pretreatment on Chl a yield
(p=0.095).

Discussion

In research articles, dealing with pigment extraction from
algal cultures, the efficiency of the extraction is usually not
reported, which limits the reliability of the results. In the
present study, we have investigated the efficiency of Chl
extractions by considering the impact of three factors: (1)
repeated vs. single methanolic extractions of Chl from T.
obliquus cells collected on fibre filter, (2) pretreatment of the
cells collected on fibre filter with formalin prior to extrac-
tion, and (3) dependence of the extraction yield on the cell
density of the cultures.

Using a spectrofluorometric approach, we were able
to quantitatively determine even very low Chl concentra-
tions of T. obliquus extracts. Our results clearly showed that
methanol is an efficient solvent for extracting Chl a from
T. obliquus. Conversely, methanol is less suitable for the
determination of Chl b concentration, since the fluorescence
yield of this pigment is much lower due to the formation of
an H-bond between the methanol and the formyl group on
pyrrole ring B which distorts the electron cloud of Chl b
(Forster and Livingston 1952).

Nonetheless, the determination of Chl b concentration
was not relevant in this study. Essentially, for determining
algal biomass in aquatic ecosystems or algae (mono) cul-
tures, the determination of the Chl a concentration as an
indicator is of much higher importance than that of Chl b.

In this study, prior to methanolic extraction, a formalin
pretreatment proved to significantly increase the yield of
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Chl a release. Such an approach, i.e. formalin pretreatment
is a novel approach to enhancing Chl extraction yield from
algal cultures. Mechanical cell disruption methods are more
commonly applied (Safi et al. 2015). However, in the case
of T. obliquus, we could not further improve the Chl extrac-
tion yields with mechanical cell disruption (data not shown).
Formaldehyde penetrates membranes rapidly and cross-links
proteins, including Chl-containing photosystems, which pro-
tein structure destabilisation (Thavarajah et al. 2012) may
explain the observed increase in the extraction yield of Chl
a. However, importantly, formalin pretreatment did not cause
any measurable damage of Chl molecules (Fig. 2). Moreo-
ver, although the algal cells on the surface of fibre filters
distributed unevenly (Fig. 1), this did not cause any major
experimental error (i.e. after formalin pretreatment and
methanolic extraction the filters were evenly white (Fig. 1)).

In conclusion, our results highlighted that formalin pre-
treatment largely facilitates the extraction of Chl a from T.
obliquus. Using this approach, even a single, 5-min extrac-
tion time was sufficient, in contrast to the commonly applied
24-h duration (Liu et al. 2014). In the case of T. obliquus, the
optimal cell density for methanolic extraction ranged from
1.44 % 10* to 3.60 x 10° cells/mL. However, these numbers
may be different in other algal species due to strain-specific
(e.g. structural) reasons. Hence, our results also show that
pigment extraction must be optimised for the studied algae
species.

Conclusions for future biology

Since many valuable bio-products including pigments,
vitamins, fatty acids, and proteins can be produced using
microalgae, the economic implementation of their mass pro-
duction has a great importance. The accurate determination
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of biomass density, e.g. by measuring chlorophyll concen-
tration, is essential in industrial scale algal biotechnology,
where even a small inaccuracy can have significant eco-
nomic consequences.

The presented method allows rapid and efficient chlo-
rophyll extraction from a biotechnologically relevant
green algae. Our work revealed that formalin pretreatment
improves chlorophyll extraction from microalgae. Without
such pretreatment, a significant amount of chlorophyll may
remain in the cells after the first extraction. We suggest the
formalin pretreatment for laboratory tests, safer substances
with similar effects are to be studied in the future. The devel-
oped method can be used both in algal biotechnology and
in research.
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